Abstract. Based on thermodynamic analysis, the degree of the separation between magnesium and impurities under vacuum was estimated in this paper. It demonstrated that it may be feasible to purify crude magnesium by vacuum distillation on experimental scale. The high purity (99.98 % or 3N8, mass fraction) magnesium (Mg) was obtained through vacuum distillation using 96 % Mg as a raw material under 15 Pa. The inductively coupled plasma atomic emission spectroscopy (ICP-AES) was applied for the analysis of the raw material and the distilled magnesium for 6 impurity elements. The results indicated that the low-volatile impurities such as Fe, Cu, Mn, Pb, Ca could be reduced at the stage of 873K for 30min and the reduction of total impurity content from 34600 ppm (1N6) for crude magnesium to 180ppm (3N8) upon condensate. In conclusion, purification of magnesium was carried out in an efficient high-yield vacuum distillation system designed and fabricated for purifying 1N6 indigenous magnesium to 3N8 (99.98%).
Introduction
The metal magnesium with a purity of 99.98% is called high purity magnesium, which has the excellent properties of low density, high strength, corrosion resistance and so on [1, 2] . It can be applied in various fields: atomic energy, metallurgy, solid state physics, organic compounds and biological material [3, 4] . For example, in the preparation of titanium, zirconium, uranium and other rare metals, a higher requirement than standard is put forward for some impurities (Fe, Al, Mn) in magnesium; In addition, fine magnesia power with high purity is produced by the high purity magnesium hydrolysis method, which is a fundamental raw material of high performance ceramic device [5] ; Also the high purity magnesium can be used as the sputtering target [6] . Therefore, the research and development about high purity magnesium is urgent.
In the methods of purifying magnesium, electrolytic refining has shortcomings of high energy consumption and large operation cost [7] ; The purification effect of addition reagent refining mainly depends on the quantity of metal, the property and content of the impurities, so that the application range of it is very narrow; Some impurities (K, Na) and nonmetallic oxides (MgO, SiO2) in crude magnesium can be removed by solvent refining method [8] .
Currently, refining the crude magnesium generally adopts solvent refining method in the factory, of which how to select the refining solvent is the most important, in the solvent, the oxides impurities and metallic impurities K, Na in magnesium can be removed, however, it's no using dealing with the particular metals (Zn, Al, Cu, Ni, Fe, Mn) in principle. [9] Consequently, it is significant to find a way of removing the metallic impurities in magnesium. In this paper, replacing the solvent refining method, the method of vacuum distillation process is able to remove aluminum, copper, nickel, iron, manganese from crude magnesium directly [10] . Not only does this method have a higher rate to remove the impurities, but also it could achieve the goals of a simpler operation and a less energy consumption.
Theoretical basis
The difference in vapor pressure of each metal element at different temperatures was the fundamental basis of crude metals by vacuum distillation [11] . The relationships between vapor pressure (p/Pa) of pure metals in the crude magnesium and temperature (T/K) were listed as 
The saturated vapor pressure of magnesium and other impurities under different temperatures were calculated. And they were shown in Fig.1 . It was indicated that the saturated vapor pressure of Ca, Pb, Mn, Cu and Fe was lower than that of magnesium. The impurities with high boiling point would remain in residual and magnesium would volatilize. 
Fig. 1 Relationships between lg p and T for magnesium and impurities
Considering the interaction among compositions in crude metal, the separation coefficientβ could be introduced. Since the content of magnesium is more than that of impurities, nearly two orders of magnitude, suppose the impurities as solute in the solution of magnesium (the activity coefficient of the solute ( i γ ) is a constant and the activity coefficient of the magnesium
According to the Eq. 9, the separation coefficientβof Cu, Pb, Ca, Zn could be calculated (Table  1) . Table 1 represented that impurities such as Cu, Pb, Ca were much less than 1 and almost all of these metals remained in the liquid phase. By plotting gas-liquid phase equilibrium diagram of crude magnesium, the degree of separation of compositions in it and what product could be estimated during vacuum distillation. The content of impurities in gas phase was given by Eq. 10.
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(10) As the mass fraction of the magnesium in crude metal is more than 0.9 (the total mass is 1), the activity coefficient of the magnesium is approximately equal to 1. And when the impurities in liquid phase account for 0.1, 0.01, 0.001, 0.0001, the ratio of magnesium and impurities in liquid phase is 9, 99, 999 and 9999.
According to Eq. 10 and the assumption of previous paragraph, the mass fraction of impurities in gas phase could be calculated. They were shown in Table 2 . It indicated that the mass fraction of impurities in the gas phase increased as the temperature increased when the mass fraction of impurities in the liquid phase was invariable at different temperatures. At a constant temperature, the more content of impurities in the liquid phase, the higher content of impurities in the gas phase. In conclusion, vacuum distillation of the crude magnesium needed to control the certain temperature and soaking time. On condition that, both to make the magnesium volatilize to a great extent and impurities remain in the residue.
Experimental
The chemical composition of crude magnesium used in the experiments was shown in Table 3 . The details of vacuum distillation assembly were given in Fig. 2 . The vacuum distillation system consisted of evaporator and collector. The evaporator system was made up of an equilibrium fine grain high density graphite crucible in the cylinder shape of dimensions 50mm×40mm×80mm (outer diameter×inner diameter×height). A stainless steel cooling tray was placed on the top of the crucible which acted as a condenser.
The furnace was evacuated for about 3h at 673K to remove any moisture. About 14g crude magnesium to be distilled was taken in a crucible, kept at the bottom of the retort under vacuum using a set of rotary and diffusion pumps. The system was dynamically maintained at a vacuum of
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Structural Materials nearly 10Pa before starting the melt evaporation and nearly 15Pa during the distillation process. The vacuum pressure in the retort was measured by McLeod gauge. Once the desired temperature was reached, the temperature was maintained for certain time. The mass change of raw materials was measured by the electronic analytical balance after vacuum refining experiments. Samples of condensate were collected at time intervals of 30, 45, 60 and 90min experiment, after the melt attained the respective distillation temperature.
Various chemical analyses techniques such as inductively coupled plasma-mass spectroscopy (ICP-MS), glow discharge-mass spectroscopy (GD-MS), neutron activation analysis (NAA), atomic absorption spectroscopy (AAS) and inductively coupled plasma-atomic emission spectroscopy (ICP-AES) were used to assess the trace impurity of the material. In this study, ICP-AES was used to determine the purity of the starting and purified magnesium used for vacuum distillation. The inductively coupled plasma-atomic emission spectroscopy (ICP-AES) [13] was shown in Fig. 3 . 
Results and discussion
Effect of Temperature and Time on the Volatilization Rate of Crude Magnesium. The boiling point of magnesium at 1atm is 1380K and the heat of vaporization of magnesium is 134.0kJ/mol. The boiling point of magnesium at 15 Pa was calculated by inserting these physical values into Clausius-Clapeyron equation and the estimated value was 783K. But for the sufficient volatilization of crude magnesium, which was refined at temperature range from 873 to 1023K at a vacuum pressure of 15 Pa. The effect of reaction time on the volatilization rate of crude magnesium at 15Pa was investigated at various reaction temperatures. It was shown in Fig. 4 that the volatilization rate of crude magnesium added three percent as the temperature increased from 873 to 1023K. The volatilization rate of crude magnesium did not significantly increase up to 1023K, under which it maintained more than 99%. On the contrary, at difficult temperatures, the volatilization rate was stable with increasing time. The volatilization rate of raw material increased linearly with increasing exposure time. So the temperature was a more important influencing factor for the volatilization rate of crude magnesium than soaking time. Table 4 . The impurities such as Fe, Cu, Mn, Pb, Ca were found easy to be separated from magnesium matrix at low temperature. This can be attributed to the differences of the vapor pressures. So, if we wanted to obtain the magnesium, lower temperature would be needed. When the temperature surpassed the boiling point of magnesium, the pure magnesium was evaporated and collected at the condenser, and the low-volatile impurities were remained in the bottom of crucible. The experiment was carried out at 873K and it was found that in the case of distilling time of 30 min, the evaporation rate of raw materials was 96.15%, and when the time was 45 min, the evaporation rate just reached 96.72%. It was enough to refine magnesium at 30 min for saving energy consumption. From the analytical data, the impurities including Fe, Cu, Mn, Pb and Ca were considerably removed in the distillated material, and the contents of them were 0.0073, 0.00018, 0.00099, 0.00022 and 0.0068. All the low-volatile impurities except iron can reach the demand for 3N8 magnesium compared to the standard of Mg9998 [14] . 
